Quantum anomalous Hall effect (QAHE) is a fundamental quantum transport phenomenon in condensed matter physics. Until now, the only experimental realization of the QAHE has been observed for Cr/V-doped (Bi,Sb)2Te3 but at extremely low observational temperature, thereby limiting its potential application in dissipationless quantum electronics. Employing first-principles calculations, we study the electronic structures of graphene codoped with 5d transition metal and boron (B) atoms based on a compensated n-p codoping scheme. Our findings are as follows. 1) The electrostatic attraction between the n-and p-type dopants effectively enhances the adsorption of metal adatoms and suppresses their undesirable clustering. 2) Hf-B and Os-B codoped graphene systems can establish long-range ferromagnetic order and open nontrivial band gaps because of the spin-orbit coupling with the non-vanishing Berry curvatures to host the QAHE.
Introduction-. Significant discoveries related to the quantum anomalous Hall effect (QAHE), which is a new quantum state of matter in condensed matter physics, have been reported in the recent years. The QAHE exhibits quantized Hall conductance in the absence of an external field, which arises from strong spin-orbit coupling combined with breaking of the time-reversal symmetry due to intrinsic magnetization [1] [2] [3] [4] . It is a topologically nontrivial phase characterized by a finite Chern number and chiral edge states within the bulk band gap. The chiral edge states are robust against backscattering and are promising for application to devices that require low-power consumption.
To date, the QAHE has been theorized to occur in systems such as Mn-doped HgTe quantum wells [5] , thin-film topological insulators (TIs) [6] , silicene [7] [8] [9] , half-hydrogenated Bi honeycomb monolayers [10] , and graphene-based systems [11] [12] [13] [14] [15] . Graphene and TIs are candidate materials for engineering the QAHE because of their unique linear Dirac dispersion [16, 17] and their mature technologies for growing samples. TIs are superior to graphene because they have stronger spin-orbit coupling (SOC), thereby narrowing the search for suitable materials for realizing the QAHE. An effective way to induce magnetism in TIs is to dope them with magnetic atoms [6, [18] [19] [20] [21] . The QAHE was first observed experimentally in Cr-and V-doped thin films at extremely low temperatures [22] [23] [24] [25] . Recently, the QAHE at temperatures above 50 K by using the n-p codoping in Sb 2 Te 3 by means of vanadium-iodine has been theoretically proposed [26] , which has inspired the great experimental advance in exploiting hight-temperature QAHE [27] .
Meanwhile, graphene has become a competitive candidate material for achieving QAHE because of its extraordinary electrical property, unique honeycomb lattice, and relatively mature technologies of sample growth [16, 17] . However, pristine graphene possesses a very small nontrivial band gap because of its extremely weak intrinsic SOC [28, 29] . Therefore, various measures such as hydrogen deposition [30] have been proposed to enhance the extrinsic SOC in graphene. In particular, periodic adsorption of transition metal (TM) atoms has been suggested theoretically as an effective way to enhance SOC in graphene [11, 31] . However, periodic adsorption of TM atoms on graphene is currently very difficult to realize experimentally. A subsequent study found that random adsorption of TM atoms can eliminate the intervalley scattering associated with periodic adsorption [32] . However, the adsorption energies of TM atoms on graphene are usually very low and the TM atoms tend to form clusters even at low temperatures [33, 34] , indicating that the long-range ferromagnetic (FM) order may not survive as expected. Given the aforementioned problems, it is important to find new strategies to solve them. Recently, it was confirmed that n-p codoping is effective for enhancing the adsorption of TM atoms on graphene, leading to FM graphene [35] [36] [37] [38] . Furthermore, the n-p codopants can help preserve the Dirac nature of the charge carriers.
In this article, by using first-principles calculations in the realm of density functional theory, we propose a versatile approach to achieving the QAHE based on a compensated n-p codoping scheme. This method was initially introduced to achieve p doping in ZnO [39, 40] and to narrow the band gap of TiO 2 [41, 42] , and more re-cently it was proposed in the context of diluted magnetic semiconductors [35, 36, 38, 43, 44] , which can also significantly enhance the adsorption of TM atoms on graphene. Meanwhile, the successful fabrication of B-substituted graphene also inspired our proposal [45] . Therefore, we study the electronic and topological behaviors of 5d TM-B codoped graphene systematically by utilizing n-p codoping. First, we find that the electrostatic attraction between the n-and p-type dopants effectively enhances the adsorption of the metal adatoms and suppresses their undesirable clustering. The results reveal that the magnetic coupling for all 5d TM-B pairs shows a RudermanKittel-Kasuya-Yosida type spatial fluctuation, with only Hf and Os being able to form long-range FM order. When SOC is considered, Hf-B and Os-B codoping are both able to open up a global band gap to facilitate the QAHE with the non-vanishing Berry curvatures. Next, we calculated the Rashba splitting energy in Re-B and Pt-B codoped graphene systems to be around 158 and 85 meV, respectively, which is several orders of magnitude larger than the reported intrinsic SOC strength.
Computational Methods-. The calculations were performed using the projector augmented-wave formalism of density functional theory [46] as implemented in the Vienna ab initio simulation package (VASP) [47, 50, 51] . For exchange correlation, we used the Perdew-BurkeErnzerhof [52, 53] functional. The graphene sheet was modeled (i) with a 4×4 supercell with a 20Å vacuum in the vertical direction for the adsorption calculations and (ii) with a 7×7 supercell with a 20Å vacuum to estimate the magnetic interaction between two TM-B pairs. All our calculations used the optimized lattice constant of graphene with a value of a 0 = 2.46Å, which agrees with the experimental value. When optimizing the geometry, the positions of all atoms were allowed to relax and the atomic structures were optimized fully until the Hellmann-Feynman forces on each ion were less than 0.02 eV/Å. The plane-wave energy cut-off was set as 500 eV with an energy precision of 10 −4 eV. For the 4×4 (resp. 7×7) supercell, the Brillouin zone was sampled using a 15×15 (resp. 5×5) Γ-centered k-point grid. The Gaussian smearing method was used with a smearing width of 0.1 eV. The adsorption energies of the 5d TM adatoms on the B-substituted graphene sheet were estimated using
where E tot , E atom , and E gra+B are the energies of the 5d TM-B codoped graphene system, an isolated TM atom, and B-substituted graphene, respectively.
Results and Discussion-. We begin by studying the adsorption of a single 5d TM adatom on the graphene monolayer. We consider three highly symmetric adsorption sites, namely a carbon-atom top site, a carboncarbon bridge site, and a hollow site. From Table I in Table I ) are obtained for Hf, Ta, W, and Re, whereas only one adsorption site is obtained for Os, Ir, and Pt favor. In the case of an Au adatom on graphene, three stable adsorption sites (one bridge, one hollow, and one top) are obtained. Regarding the magnetic properties of a 5d TM adatom on pristine graphene, no magnetic moment appears in the case of Pt-adsorbed graphene. However, because of the various adsorption configurations, various magnetic moments are obtained with the other 5d TM adatoms adsorbed on graphene. These differing configurations and magnetic moments reflect the differing charge transfer when these 5d TM adatoms are adsorbed onto the graphene at different sites. Our results also show that the hollow site is the most favored adsorption site except for Pt and Ir, for which the bridge site is preferred. This finding agrees with the findings of previous theoretical studies [14] . Our calculations also show that the largest adsorption energy among the various 5d TM adatoms (namely that for Ta) is less than 2 eV on pristine graphene. This relatively weak binding between graphene and each of these 5d TM adatoms, as well as the small diffusion barrier, results in fast adatom migration and clustering. We show below that codoping with B is effective for suppressing these undesirable effects.
As mentioned above, the relatively low adsorption energies of TM-doped graphene cannot prevent the fast migration of adatoms and clustering with other adatoms adsorbed on graphene. The 5d TM adatoms are n-type dopants in graphene, whereas B adatoms (occupying the same row as carbon in the periodic table with just one less electron) are p-type dopants. Therefore, a 5d TM adatom will locate close to a B adatom because of the strong n-p electrostatic attraction between them. Previous studies have also shown that B codoping is effective for suppressing the present undesirable effects [35, 38] . To show this is indeed the case, we calculated the adsorption energies of the 5d TM adatoms from Hf to Au after B codoping. As shown in Fig. 1 , the adsorption energies all exhibit a ∼1 eV enhancement compared with those on pristine graphene, indicating a strong attractive interaction between TM and B. We found that most of the 5d TM adatoms yield the strongest binding at the hollow site after codoping except for Pt and Au, for which the bridge and top sites are preferred, respectively. Such strong attraction helps pin the TM adatoms close to B, thereby preventing the adatoms from migrating and clustering on the graphene. Regarding the magnetic moment of graphene codoped with B and 5d TM adatoms, Table I indicates that no magnetic moment appears when using Re, Pt, or W. In fact, B codoping results in more charge transfer, thereby changing the magnetic moment from that in the case of using only 5d TM adatoms. Therefore, the abovementioned findings confirm that n-p codoping distributes 5d TM adatoms uniformly and stably on Bsubstituted graphene.
The results presented thus far show that 5d -TM-B codoping enhances the stability of TM adatoms on graphene significantly, thereby providing the essential prerequisites to achieve enhanced SOC and to realize the QAHE in graphene. Ferromagnetism is another crucial requirement to realize the QAHE in n-p codoped graphene, which is why we next consider the magnetic interaction between two TM-B pairs in a 7×7 graphene supercell. As shown in Fig. 2(a) , one TM adatom is fixed at H 0 and paired with a B atom at A 0 . The other TM adatom moves from H 1 to H 7 , whereas its partner B codopant remained at its nearest neighbor. The magnetic interaction between the two TM-B pairs at a given separation is evaluated by calculating the total energy difference between the FM and the antiferromagnetic (AFM) configurations of the two TM moments. We find that the first to fourth nearest-neighbor configurations are unstable because of the surprisingly large attraction between the two 5d TM adatoms even though their corresponding adsorption energies increase after B codoping. However, it remains possible to realize long-range ferromagnetism because configurations appear with larger separations between the two codopants. As shown in Fig. 2(b) and (c), we also find that both Hf-B and Os-B codoped graphene systems display FM coupling at sufficiently large TM-TM distance, indicating long-range FM order in these two systems. However, our calculations show no long-range FM order in the other types of 5d -TM-B codoped graphene. Therefore, the Hf-B and Os-B codoped graphene systems are the most promising candidates for achieving the QAHE.
The 5d -TM-B codoping indeed enhances the stability of TM adatoms significantly, and the Hf-B and Os-B codoped graphene systems can realize long-range ferromagnetism. Next, to see whether the QAHE can be realized in n-p codoped graphene, we calculate the band structures of Hf-B and Os-B codoped graphene. First, we examine Hf on graphene in a 4×4 supercell with and without SOC. In Fig. 3, panels (a) and (b) show the band structures of Hf-doped graphene without SOC, wherein the unique linear dispersion of pure graphene is preserved. In Fig. 3(c) , a gap of ∼ 35.9 meV opens at the Dirac point when SOC is activated, indicating that this gap definitely originates from the SOC related to Hf adatom adsorption. The abovementioned results agree completely with those of Zhang et al. [14] , indicating that our computational method is reliable. Next, we show in Figs. 3(f) and (j) the band structures of Hf-B and Os-B coped graphene, respectively, without SOC. When magnetization is included, the spin-up (resp. spin-down) bands are shifted upward (resp. downward). When SOC is also activated, band gaps open at the crossing points between the spin-up and spin-down bands near the K point, as shown in Figs. 3(g) and (k), with magnitudes of 21.4 and 47.6 meV, respectively. Therefore, the QAHE might be realized in Hf-B and Os-B codoped graphene.
So far, we have shown that joint effect between SOC and ferromagnetic exchange field can open up band gaps in Hf-B and Os-B codoped graphene. Next, we investigate whether such band gaps can host the QAHE via Berry curvature calculations using the expression [48, 49] 
where n, E n , and ψ nk are the band index, eigenvalue, and eigenstate, respectively, of the n-th band. v x,y =∂E/∂k x,y are velocity operators in the x and y directions within the film plane, and f n = 1 for all n bands below the band gap. Figures 3(g ) and (k) show the distributions of Berry curvature along the highly symmetric lines. Large negative peaks appear near the K points and vanish elsewhere, demonstrating nonzero Hall conductance. Therefore, our calculations confirm that these gaps can host the QAHE. We also present the band structures of the Re-B and Pt-B codoped graphene systems even though they have no magnetism. The overall band structures of Re-B and Pt-B codoped graphene with and without SOC are shown in Fig. 4 . With SOC, there is clearly no topologically nontrivial band gap. However, Figs. 4(c) and (g) show the existence of spin-orbit splitting. In contrast to Figs. 4(b) and (f) without SOC, the SOC interaction breaks the spin degeneracy of the bands of Re-B and Pt-B codoped graphene. In Figs. 4(d) and (h), we show the spin splitting ∆ SO for the bands denoted as in Figs. 4(c) and (g) along the highly symmetric line Γ-M-K-Γ. These bands are directly relevant to the transport properties of n-p codoped graphene because their band energies are close to the Fermi level. The maximum spin splitting energy is roughly about 158 and 85 meV in the Re-B and Pt-B codoped graphene, respectively, which is much larger than the typical value for the Rashba spin splitting energy in conventional III-V and II-VI semiconductor quantum wells (<30 meV) [50, 51] and is fully comparable to the enhanced surface Rashba spin splitting energy (∼ 100 meV) in different graphene/substrate systems [19, 20, 23] . As a result, we reason that Re-B and Pt-B codoped graphene would be useful for designing new electronic materials. As for Ta-B, W-B, I-B, and Au-B codoped graphene, their band structures contain only trivial gaps or lack long-range FM order, indicating that the QAHE cannot be achieved.
Conclusions-. In summary, through calculations based on density functional theory, we systematically studied the electronic and spintronic properties of 5d TM-B codoped graphene based on a compensated np codoping scheme. The electrostatic attraction between the n-and p-type dopants effectively enhanced the adsorption of the metal adatoms and suppressed their undesirable clustering. The calculated Rashba splitting energy in the Re-B and Pt-B codoped graphene reached 158 and 85 meV, respectively, which is several orders of magnitude larger than the reported intrinsic SOC strength. Moreover, Hf-B and Os-B codoped graphene can support long-range FM and host the QAHE with non-vanishing Berry curvatures.
